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Abstract
The spectral sensitivities of retinal cones isolated from goldfish (Carassius auratus) retinas were measured in the range 277–737
nm by recording membrane photocurrents with suction pipette electrodes (SPE). Cones were identified with lmax (9S.D.) at
62396.9 nm, 53794.7 nm, 44797.7 nm, and about 356 nm (three cells). Two cells (lmax 572 and 576 nm) possibly represent
genetic polymorphism. A single A2 template fits the a-band of P4472, P5372, and P6232. HPLC analysis showed 4% retinal:96%
3-dehydroretinal. Sensitivity at 280 nm is nearly half that at the lmax in the visible. The lmax of the b-band (in nm) is a linear
function of the lmax of the a-band and follows the same relation as found for A1-based cone pigments of a cyprinid fish. © 1998
Elsevier Science Ltd. All rights reserved.
Keywords: Goldfish; Carassius ; Cones; Dehydroretinal; Spectral sensitivity; Visual pigment template spectra; Porphyropsin; Photocurrents
1. Introduction
One purpose of the present work is to characterize
the spectral sensitivities of goldfish cones. Recent be-
havioral work indicates that the goldfish Carassius au-
ratus has tetrachromatic color vision [1–3]. The
goldfish retina has several forms of single as well as
double cones [4–6], and four spectral classes of cones
have been identified by microspectrophotometry (MSP)
with lmax in the red, green, blue, and UV regions of the
spectrum [7,8]. Four spectral classes of cones, including
a UV receptor, have been described in at least 16 other
species of fish representing four families (MSP: [3,9];
spectral sensitivity of single cones: [10]). Compared with
some other fish, however, the goldfish has very few UV
cones [8].
Johnson et al. [11] sequenced five opsin genes from
goldfish: rod opsin and four cone pigments. In addition
to the opsin of the blue-sensitive cone and a putative
polymorphic variant of the red cone, they found opsins
associated with two green-sensitive cones (Gfgr-1 and
Gfgr-2) homologous to chicken green [12], a cone pig-
ment of birds that has evolutionary affinities to rod
opsin. The molecular genetic evidence for polymor-
phism is not yet reconciled with MSP. The gene for the
UV-sensitive pigment has also been sequenced [13]. It is
homologous to the violet receptor of humans and
chickens and is expressed in small, single cones.
The goldfish utilizes 3-dehydroretinal in the chro-
mophore of its visual pigments, and this provides a
second incentive for the present experiments. Dartnall
[14] suggested that the spectra of A1-based visual pig-
ments have a constant shape when plotted as a function
of wave number. This turned out to be an approxima-
tion, as half-bandwidth (in units of 1:l) varies with
lmax [9,15]. Many visual pigments have a common
bandwidth, however, when absorbance is plotted on a
normalized frequency axis (i.e. lmax:l ; [10,16–20]).
Spectral sensitivity measurements of individual pho-
toreceptors characteristically extend to long wave-
lengths where absorbance is too low to be measured,
and in such data log sensitivity falls linearly when
plotted as a function of lmax:l [18,19]. The spectral
shapes of many visual pigments are therefore described
by a common template in lmax:l, but as retinal1-based
amphibian rods are somewhat narrower [20] and UV
fish cones narrower still [10], further work is required to
establish the extent of variation, the relative position of* Fax: 1 203 4323494; e-mail: timothy.goldsmith@yale.edu.
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the b-band, and the slope of the long-wavelength tail.
In the present experiments we have used suction pipette
electrodes (SPE) to measure the spectral sensitivities of
isolated goldfish cones containing a preponderance of
3-dehydroretinal. The a, b, and g absorption bands of
the visual pigments were fit to a dehydroretinal-based
(retinal2-based) template consisting of the sum of three
log-normal functions, following the method of
Stavenga et al. [18]. This procedure yields an estimate
of the spectral position of the b-band, information not
so reliably acquired by MSP. An alternative a-band
template for retinal2-based visual pigments that extends
to long wavelengths is also presented and compared
with the shape of retinal1-based spectral sensitivity [19].
A preliminary report of this work has been published in
abstract (see Ref. [21]). Fig. 2. Response-amplitude function of 14 cones from three spectral
classes. The broken curve is normalized photocurrent as a function of
I:(Is), where s is the intensity (I) for a half-maximal response.
Solid curve is normalized response as a function of 1exp(kfI),
where kf ln(2):s. To facilitate comparison, individual values of s
were measured for each cell and the data plotted on a normalized
abscissa (log I:s).
Fig. 3. Spectral classes of 78 goldfish cones. UV cones are uncommon
in Carassius auratus.
Fig. 1. (A): A cell maximally sensitive at 537 nm. The corresponding
photon flux (and trae numbers) are: 150(5); 240(6); 600(3); 950(2);
1500(2); 2390(2); 3780(2); 5990(2); 9500(2); 15000(2); 30100(1); and
60200(2). (B): A blue-sensitive cone with lmax at 447 nm. The number
of photons mm2 flash1 (and the number of responses averaged in
each trace) are: 410(3); 650(6); 820(4); 1300(4); 2060(3); 3270(3);
5200(3); 80200(3); 13000(3); 20600(3); 26000(1).
2. Methods
2.1. Animals
Goldfish, Carassius auratus, 5–9 cm body length,
were a gift from Ekk Will Wildlife Resources (Gibson-
ton, FL). They were maintained in a fresh-water aquar-
ium at 22°C on a 14:10 light:dark cycle, and fed dry
food (Tetra). The animals were kept for several weeks
before they were used for experiments.
Table 1
Cellular identity and spectral class (lmax) for 64 goldfish cones
574 nmUV623 nm 447 nm537 nm
3 110 18Single 3
10 1Long double 000
000180Short double
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Fig. 4. The spectral sensitivities of the 623, 537, and 447 nm cones
(solid curves) can be described as the sum of three log-normal
functions (broken curves) for the a, b, and g absorption bands of the
visual pigments (anti-log transform of Eq. (1), [18]). This analysis
provides an estimate of the spectral position of the b-band. See the
text for details of the curve-fitting. In this figure error bars are
asymmetrical and differ greatly in size because experimental variation
in log sensitivity is approximately normally distributed [10].
Table 2
Template coefficients for dehydroretinal-based visual pigments
b-band g-band Equation 2 a-bandEquation 1 a-band
140 647c0 a304 70
c1 5.01 1.52 23.4 A 0.86
c2 9.4 0.87 205.34 b 29
B 0.91
c 17.9
C 1.118
D 0.806
The eyes were removed under dim red light and the
retinas isolated under infrared illumination. One was
used immediately and the other maintained in darkness
at 4°C in L-15 medium (Gibco, Gaithersburg, MD) for
12–24 hours before recording. To measure photocur-
rents, exposed outer segments in finely chopped pieces
of retina were drawn into suction pipette electrodes.
The recording chamber was superfused with physiologi-
cal saline containing (in mM): NaCl, 102; KCl, 2.6;
MgCl2, 1; CaCl2, 1; glucose, 5; NaHCO3, 28 at pH
7.8–8.0 [22]. Temperature was 22°C.
2.3. Optical system
A 150W xenon arc lamp, operated from a stabilized
power supply (Ealing, Holliston, MA), and a
monochromator (600 lines mm1 grating, Bausch and
Lomb, Rochester, NY) were used to isolate narrow
wavelength bands (6 nm half bandwidth) from 277 to
737 nm. An electronic shutter (Uniblitz, Vincent Asso-
ciates, Rochester, NY) controlled the duration of the
flash. A pair of optical wedges consisting of graded
metallic films deposited on counter-rotating quartz
Fig. 5. Spectral position (lmax) of the b-band as a function of the
lmax of the a-band for several visual pigments. Filled circles: retinal2-
based cone pigments of the goldfish (Carassius auratus, present work).
Open circles: retinal1-based cone pigments of another teleost, the
giant danio (Danio aequipinatus, [10]). Open diamond: cattle
rhodopsin [18]. Open triangle: 11-cis retinal [51].
2.2. Preparation of the tissue
Following 2–3 hours of dark adaptation, an animal
was anesthetized (0.05% 3-amino benzoic acid ethyl
ester, MS222, Sigma, St. Louis, MO) and decapitated.
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Fig. 6. Pooled data for the spectral sensitivity of vertebrate photoreceptors containing 3-dehydroretinal-based visual pigments, plotted as a
function of normalized frequency. The data are fit by a single function (Eq. (2), coefficients in Table 2) of the form introduced by [19] to describe
mammalian rhodopsins. See the Methods for details of the analysis. The data consist of 69 Carassius cones of three spectral classes (present work),
28 red and 5 blue Ambystoma cones [33], and 11 Xenopus rods [20].
discs were used to control the intensity of the stimulus
beam. The stimulus was plane-polarized perpendicular
to the long axis of the outer segment (Polaroid HNP’B,
Norwood, MA; ca. 17% transmission at 280 nm).
Long-pass filters (c24 and c29, Kodak Wratten,
Rochester, NY; CS2-64, Corning Inc., Corning, NY;
GG400, GG475, Schott, Mainz, Germany) removed
stray light and the second-order spectrum. For wave-
lengths B360 nm a short-pass filter (UG11, Schott,
Mainz, Germany) suppressed stray light at longer
wavelengths. A second lamp source with two infrared
transmitting filters (optical density \8 at wavelengths
shorter than 750 nm) and an IR-sensitive video camera
were used to monitor the preparation during experi-
ments. Lamp calibration was accomplished with a cali-
brated photodiode (UV100, United Detector
Technology Sensors, Hawthorne, CA).
2.4. Recording
Photocurrents from individual outer segments of
cones from 16 fish were measured using Ag:AgCl elec-
trodes and a PC-501A patch cell amplifier (Headstage
5101-10, Warner Instrument Corp., Hamden, CT). Be-
fore A:D conversion (DAS-8:AO, 12-bit resolution,
Metrabyte, Keithley, Taunton, MA) the high frequen-
cies were removed with an active, 20 Hz low-pass,
4-pole Bessel filter (Frequency Devices, Haverhill, MA).
Time to peak was corrected for the 20 ms delay intro-
duced by this filter. Wedges, monochromator, and shut-
ter were controlled by a computer, and data were saved
on the hard drive for later analysis.
2.5. Integration time
The integration time was determined from
ti
	 r(t)dt
rpeak
where r(t) is the response to a dim flash and rpeak is the
peak amplitude [23].
2.6. Sensiti6ity to dim flashes
The responses of individual cones to 10 ms flashes in
the linear range of the response-amplitude function
were smoothed with a three-point running average, and
the peak amplitude of the response, rpeak calculated
from the average of 5–6 responses. The sensitivity to a
dim flashes (Sdf) was defined as
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Sdfrpeak:i,
where i is the intensity in photons flash1 mm2 and
rpeak is in pA.
2.7. Analysis of spectral sensiti6ity data
Spectral sensitivity of individual cells (log Sdf vs l) was
first normalized and the upper 0.5 log unit of the a-band
fit to a provisional log-normal template of the form
log[a(l)] log{exp[c0x2(1c1xc2x2)]} log(k) (1)
where x log(l:lmax) [18] and a(l) is relative ab-
sorbance of the a-band of the visual pigment. At this
Fig. 9. Two cones with lmax at 57492 nm that did not belong to any
of the major spectral classes. Solid curve: template for dehydroretinal-
based pigments (Fig. 6). Dotted curve: equivalent template for reti-
nal-based pigments [19,10].
Fig. 10. HPLC separation of retinols and retinal oximes extracted
from light-adapted goldfish eyes (retina and pigment epithelium com-
bined). There was about 30 times as much free alcohol as aldehyde,
and the all-trans 3-dehydroretinol peak (at OL2) goes off scale in this
figure. 3-Dehydroretinal accounted for 96% of the oxime peaks and
3-dehydroretinol about 88% of the alcohols (molar basis). Symbols:
at  all-trans ; (s)  syn forms of the oximes; (a)  anti forms of
the oximes; OL  alcohols; subscripts  A1 or A2 derivatives.
Normal phase silica column developed with 7% dioxane in hexane at
a flow rate of 1ml min1.
Fig. 7. Three spectral classes of goldfish cones found in the highest
numbers, plotted as log sensitivity 91 S.D. At short wavelengths the
curves are the logs of the solid curves in Fig. 4 and are calculated
from Eq. (1); through the peak of the a-absorption band they follow
Eq. (2), as in Fig. 6. The two templates overlap extensively over the
top of the a-band.
Fig. 8. Spectral sensitivity of three UV cones from goldfish. One is
adequately described by the retianl2-based template; the other two are
substantially broader.
stage of the analysis we used the coefficients appropriate
for porphyropsin (c0…c2) based on Bridges’ [24] spec-
trum of rod porphyropsin [18] and found for each cell
the minimal least-squares fit, with lmax and log(k) as free
parameters. The spectral sensitivity data for each cell
were then shifted vertically by log(k) so as to collapse the
cell-to-cell variation in absolute sensitivity, and spectral
sensitivity of each cell was plotted as a function of (its)
lmax:l to capture a common bandwidth, thus compen-
sating for any possible polymorphism in lmax within the
spectral class being analyzed.
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Table 3
Cone pigments of Carassius auratus (lmax9S.D., nm)
Middle Long Authors MethodUV Short
53794.7 62396.9356 present work44797.7 SPE
360 45291.4 53291.9 61494.9 Bowmaker et al. [8] MSP
453 53 3 620 Ha´rosi [46] Reanalysis
53093 6259545593 Ha´rosi and MacNichol [7] MSP
53593 62093 Liebman and Entine [48], Liebman [49] MSP45593
53095 62595 Marks, [50] MSP445915
SPE, suction pipette electrode; MSP, microspectrophotometry
The next step was to refine the fit of Eq. (1) to the
entire (replotted) set of spectral sensitivity data by
finding the minimal least squares values for c0 and c1.
(The value of c2 is not an independent parameter as it
is given by 3c12:8.) Finally, the lmax of each cell was
recalculated by finding the best fit to this modified
template. Values of lmax obtained in this iteration were
averaged to characterize each spectral class.
This log-normal template provides a convenient way
of characterizing the shape of the a-band around the
lmax, but it does not extrapolate well at long wave-
lengths where log sensitivity falls linearly. A linear
regression of log sensitivity on lmax:l must therefore be
matched to the log-normal template where their slopes
are the same. Lamb [19] has proposed an alternative
template that combines these features of the a-band
absorption in a single function:
loga(l)
log
1
exp

a

A
lmax
l
n
exp

b

B
lmax
l
n
exp

c

C
lmax
l
n
D
(2)
In order to find coefficients appropriate for photore-
ceptors containing dehydroretinal-based pigments, the
four terms in the denominator of Eq. (2) were manipu-
lated independently while using an interactive graphics
program to find an optimal fit of Eq. (2). The long-
wavelength tail was fit while viewing a linear regression
of log sensitivity on lmax:l ; the top of the curve was fit
to a plot of Eq. (1) while viewing as a(l) rather than
log[a(l)]. This procedure produces an agreement of the
two templates (Eqs. (1) and (2)) within their region of
overlap that is within the resolution of the computer’s
monitor and is sufficient for all practical purposes.
An advantageous feature of the treatment of
Stavenga et al. [18] is that the a, b and g bands can be
fit to data independently of one another. By plotting
the data as sensitivity rather than log sensitivity, accept-
able fits of log normal functions for the b and g bands
were found by eye.
2.8. Identification of chromophores
Several light-adapted eyes were frozen and the
retinoids later extracted [25]. Retinols and retinaldeydes
were separated on a normal-phase silica column
(Rainin Microsorb, Woburn, MA; 5 mm) developed
with 9 or 7% dioxane in hexane at a flow rate of 1 ml
min1 [26]. Retinyl esters in these eyes were not ana-
lyzed. Retinoids were detected by measuring spectral
absorbance at 357 nm. To assist in identification of
Fig. 11. (A): Normalized template spectra for P5601 and P6222
pigment pairs (solid curves) and when each is contaminated with a
10% (by absorbance) mixture of the other (dotted curves). The
presence of a small amount of a retinal1-based pigment has virtually
no effect on the shape of the absorbance spectrum of a retinal2
pigment at long wavelengths and would be difficult to detect by MSP
or spectral sensitivity measurements. (B): Variation of lmax of the
pigment mixture as a function of the mole fraction as P5222.
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Fig. 12. Comparison of the most recent templates for the a-band of
dehydroretinal visual pigments. Heavy curves: based on spectral
sensitivity of goldfish cones (present work). Thin solid curve: from
Ref. [18] and based on Ref. [24] extracts of porphyropsin from fish
rods. Both templates utilize Eq. (2), but optimal fit to Bridges’ [24]
data required a slightly broader bandwidth. Dashed curves: from
Mooij and van den Berg [45] and based on Ha´rosi’s [46] MSP of
goldfish cones.
Fig. 13. Templates for spectral sensitivity of cones containing dehy-
droretinal-based visual pigments. Heavy solid curve: retinal2 template
from the present work (Fig. 6 and Eq. (2)). Thin solid curve: retinal1
template [19]. These retinal1 and retinal2 templates have very similar
slopes at long wavelengths. Broken curves: calculated from the equa-
tions of Mooij and van den Berg [45]. The log-normal function of
Mooij and van den Berg [45] does not employ normalized frequency
as the independent variable, and their three curves are thus all slightly
different. (Furthermore there appears to be an error in their Table 4
in that the coefficients for their a0 and a1 for l0 are inconsistent with
their Table 3 and their values of lmax. We re-computed them to be
-14.8066 and 1.1395 prior to calculating their modified Lewis func-
tion.)
known isomeric composition, made from all-trans reti-
nal (Sigma, St. Louis, MO) and all-trans 3-dehydroreti-
nal (F. Hoffmann-La Roche, Basel, Switzerland).
All-trans 3-dehydroretinol was made by reducing an
aliquot of the aldehyde with sodium borohydride in
ethanol. Amounts were quantified by measuring peak
areas with integration software (Perkin Elmer Nelson
Systems, Cupertino, CA) and comparing with stan-
dards of known concentration. Mixtures of A1 and A2
standards were cochromatographed with aliquots of
retinal oximes and retinols in order to facilitate
identification.
3. Results
3.1. Photocurrent responses
Representative photocurrent responses to 10 ms
monochromatic flashes of increasing intensity are
shown in Fig. 1. For a subset of the green-sensitive
cones (the class for which the sample size was the
largest), time-to-peak was 157939 ms (n9) and the
integration time was 171952 ms. In some cones, mem-
brane capacitance slows the responses [27,28], and ac-
curate measurements of the kinetics of photocurrents
requires that the cell be voltage-clamped. These cells
were not voltage-clamped, and this time-to-peak may
thus be over-estimated.
Fig. 2 shows the normalized amplitude of response as
a function of the log of the photon flux for 14 cones of
the three principal spectral classes (three blue, six green,
and five red). The solid curve follows r:rmax1
exp(kfI) [29]; the dashed curve is r:rmaxI:(Is),
where s is the intensity for a half-maximal response
[30]. Each cell was plotted with its own value of s [
ln(2):kf]. From the available data it is not clear that one
of these expressions provides a consistently better fit
than the other.
3.2. Variation in lmax
The procedure for assigning values of lmax to each
cell is described in Section 2. Most of the cells were in
one of three clusters, with lmax at 44797.7, 53794.7,
and 62397.9 nm (mean9S.D.) (Fig. 3). Five cells had
lmax that did not fall in any of the three major clusters.
Three were in the near UV and two had lmax at 572 and
576 nm, approximately midway between the red- and
green-sensitive clusters (Fig. 3). These outliers will be
considered below.
According to Walls [31], two types of paired cones
are found in teleosts, referred to as twin cones and
double cones. The two members of double cones differ
in size, but the asymmetry is not as pronounced as in
the double cones of birds and reptiles. Engstro¨m [32]
retinal and retinol, the solution from the column flowed
from the absorbance detector to a fluorimeter. Fluores-
cence was activated by a broad band of near UV light
with maximum energy at 330 nm and measured with a
detector shielded from wavelengths shorter than 500
nm. Retention times and (for retinol) ratios of ab-
sorbance to fluorescence were compared to standards of
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Table 4
Average values of log sensitivity91 S.D. at different wavelengths for three classes of goldfish cones; the chromophore was dehydroretinal; the
number of cells in each average is given in the column labeled n
l 537 nm623 nm 447 nm
S.D. n log S S.D. nlog S logS S.D. n
0.184 9 0.23277 0.1710.47 27 0.18 0.244 12
0.070 3 0.39 0.0550.56 5297 0.42 0.255 5
0.292 10 0.69 0.196317 310.88 0.53 0.242 14
0.018 7 0.82 0.2470.88 8337 0.52 0.236 6
0.203 15 0.56 0.149 33 0.49 0.222 15357 0.88
0.238 7 0.57 0.1360.75 9377 0.38 0.140 6
0.85397 0.218 16 0.65 0.160 34 0.29 0.130 15
0.75417 0.204 6 0.57 0.132 8 0.13 0.042 6
0.257 16 0.61 0.1550.92 34437 0.06 0.073 15
0.87457 0.218 6 0.42 0.087 8 0.00 0.050 8
0.173 16 0.25 0.0800.83 34477 0.03 0.100 15
0.108 8 0.11 0.023497 100.69 0.30 0.104 10
0.152 16 0.03 0.0590.58 34517 0.61 0.084 15
0.46537 0.104 9 0.00 0.055 15 1.23 0.158 11
0.180 16 0.09 0.0730.35 34557 1.86 0.217 15
0.053 12 0.15 0.080577 110.28 2.61 0.224 8
0.059 15 0.41 0.1050.12 34597 3.19 0.153 2
0.061 14 0.70 0.104617 160.04
0.059 17 1.07 0.1000.00 34637
0.035 13 1.57 0.096657 190.07
0.067 17 2.10 0.1510.19 32677
0.093 17 2.58 0.189 18697 0.43
0.058 10 3.12 0.0630.76 2717
0.064 10737 1.15
reviewed the distribution of cone types in a variety of
teleosts. Goldfish retinas contain double cones and
several subclasses of single cones [4]. The identity of 64
of the cells for which we obtained spectral data are
listed in Table 1. These results are consistent with
earlier reports [7,8]. In the present work we have not
tried to identify subclasses of single cones.
3.3. a-, b- and g-bands of the three principal spectral
classes
Fig. 4 shows the spectral sensitivities of the 623, 537,
and 447 nm cones along with log-normal template
functions for the a, b, and, g bands (Eq. (1); [18]). For
the analysis of Fig. 4, cells were included only if their
lmax fell within 2 S.D. of the mean. One cell in the 447
nm group, two in the 537 nm cluster, and one in the
623 nm group were omitted by this criterion.
As described in Section 2, the a-band function was
obtained as part of the procedure for determining the
lmax. The b- and g-band functions were fit by eye, so
that the sum of the three curves followed the data
points. To achieve this fit, the peak heights of the b-
and g-bands and the lmax of the b-band were varied.
The same band-width coefficient for the b-band was
used for all three pigments. Bandwidth and lmax for the
g-band were assumed the same as for A1 pigments [18].
All the coefficients are summarized in Table 2.
The lmax of the b-band is found at longer wave-
lengths as the spectral position of the a-band moves
toward the red. (Fig. 5). The data from retinal1- and
retinal2-based pigments follow the same relationship, in
which the lmax of the b-band (in nm) is a linear
function of the lmax of the a-band: blmax
0.429almax123.
3.4. An a-band template for log sensiti6ity
In order to determine the shape of the template
spectrum at long wavelengths, we have fit Eq. (2) to a
combined data set consisting of 69 goldfish cones from
these three spectral classes, 11 Xenopus rods [20], and
33 Ambystoma cones from two spectral classes ([33], see
Fig. 3). Some of Makino and Dodd’s Ambystoma cones
appear to have contained mixtures of retinal and dehy-
droretinal; consequently for the present purposes we
have used only the most red-shifted cones. In order to
assign values of lmax to the Ambystoma data, average
values of log sensitivity for two cone classes were fit by
eye to the goldfish template described by Eq. (1): 606
nm for the 28 red-sensitive cones and 435 nm for 5
blue-sensitive cells.
The resulting template based on these three sources
of data is shown in Fig. 6, and the coefficients for the
template are given in Table 2. This template curve is
valid for values of lmax:gB1.1. The overlap with the
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template based on Eq. (1) is within 0.02 log units for
0.8Blmax:gB1.1.
The spectral sensitivities of the three major spectral
classes of goldfish cone are summarized in Fig. 7, with
the S.D. in log sensitivity. At long wavelengths the
curves follow the template in Fig. 6, but at short
wavelengths they are the logarithmic transforms of the
solid curves in Fig. 4. Average data with S.D. are given
in the Appendix (see Table 4).
3.5. UV cones
Three cones were found with maximum sensitivity in
the near UV (Fig. 8). One of these (filled symbols, lmax
at 350 nm) was reasonably well fit by the template for
dehydroretinal-based pigments that appears in Fig. 6.
The spectral sensitivity of the other two cells (open
symbols, lmax at 359 nm) was substantially broader.
3.6. Two cells with lmax at 574 nm
Two cells with lmax at about 574 nm were clearly
different from the major spectral classes (Fig. 3). Their
spectral sensitivities (Fig. 9), however, are well fit by the
retinal2-based template and are distinctly broader than
the A1 template based on cones from Danio aequapin-
natus [10]. It therefore seems unlikely that their visual
pigments used retinal rather than dehydroretinal, and a
possible explanation for their lmax is that they con-
tained a different opsin. The two cells were found in
different retinas. One retina also contained cones from
all three principal classes; the other yielded a red-sensi-
tive cone.
3.7. Analysis of retinoids
Several eyes from fish that were used for spectral
recording were frozen and their retinoids later extracted
and analyzed by HPLC (Fig. 10). These light-adapted
eyes contained a preponderance of 3-dehydroretinoids:
96% of the aldehyde and 88% of the free alcohol. There
was about 30 times more free alcohol than aldehyde.
Retinyl esters were not examined in these eyes.
4. Discussion
4.1. Comparison with earlier work on different spectral
cone classes
The spectral sensitivity of goldfish cones has been
measured by MSP in several laboratories. This work is
summarized and compared with the present findings in
Table 3. The results are generally in good agreement in
showing three main classes of cones absorbing maxi-
mally in the visible region of the spectrum.
Goldfish UV receptors are few and therefore difficult
to find. They may be fewer in larger, older fish [8,34] as
they are in salmonids [35,36]. Two of the three UV
receptors that we have found in this study (Fig. 8) have
unexpectedly broad spectral sensitivity. On the basis of
similar sensitivity measurements, Makino and Dodd
[33], found that the UV cones of tiger salamanders
(Ambystoma tigrinum) contain what appears to be small
but variable amounts of two other opsins. Similarly,
goldfish UV cones might express minor amounts of at
least one other visual pigment. Alternatively, the
Schiff’s base linkage of the chromophore might exist in
a mixture of protonated and unprotonated forms [9].
The evidence for this idea is equivocal [10], but an
unprotonated Schiff’s base offers the intriguing possi-
bility of accounting for the very short wavelength ab-
sorption of UV visual pigments [9]. In the A1-based
system of Danio aequipinnatus [10] there was no con-
vincing evidence for a second pigment, and the lmax :l
template for UV cones was narrower than the single
template spectrum that fits fish and primate cones with
lmax in the visible region of the spectrum. The template
for dehydroretinal-based UV pigments may also be
narrower than the curve in Fig. 8 if all three of the UV
cones in this study contained more than one pigment.
There were two cells with lmax at about 574 nm that
did not fall into any of the other spectral classes. As
shown in Fig. 9 (see also below), the width of the
a-band is not consistent with an A1-chromophore in
association with the opsin of the 623 nm pigment. The
small number of cells may indicate a relatively uncom-
mon allele in a system of genetic polymorphism, al-
though one of the cells was accompanied in the same
retina by cones from both the long- and middle-wave-
length spectral classes. Suggestive evidence for poly-
morphism comes from another source. In a study of
cloned sequences of goldfish opsins, Johnson et al. [11]
were unable to find the long-wavelength pigment, but
they did report an opsin that forms a 525 nm pigment
when regenerated with 11-cis retinal. Using empirical
formulas for relating the lmax of A1:A2 pigment pairs, if
coupled to 11-cis dehydroretinal, this opsin should have
lmax at 566 nm [37] or 563 nm [9]. Johnson et al. [11]
attribute this opsin to a polymorphic variant, and it is
possible that it corresponds to the 574 pigment in the
two cones we have found. The published MSP data on
goldfish and carp, however, provide no evidence of
opsin polymorphism.
Johnson et al. [11] found two genes they believe
correspond to the green-sensitive pigment. When com-
bined with retinal (rather than dehydroretinal) their
values of lmax were at 505 and 511 nm. The calculated
retinal2-based pigments should have lmax at 537 and
546 nm [37] or 532 and 541 nm [9]. The distribution of
lmax of the 537 nm cones in Fig. 3 is broad enough to
embrace two pigments with similar lmax, but without a
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much larger sample it is hard to make a convincing case
that more than one spectral type is present in this
population.
4.2. Sensiti6ity of the g-band
All three of the cones that absorb maximally in the
visible region of the spectrum are sensitive to light
absorbed by aromatic amino acids in the opsin moiety
of the visual pigment (Fig. 4). The average ratio of
sensitivity at 280 nm to sensitivity at the lmax in the
visible ranged from about 0.37 to 0.67, but the differ-
ences between receptor classes were not statistically
significant. A similar result was found for the A1-based
cone pigments in Danio aequipinnatus, [10]. This sensi-
tivity of the g-band appears much too great to be
accounted for by fluorescence and is likely due to
intramolecular energy transfer, as found by Kropf [38]
for the bleaching of rhodopsin in solution [10,20].
4.3. Presence of both retinal and dehydroretinal in
goldfish
Although at one time the visual system of Carassius
was thought to utilize 3-dehydroretinal exclusively,
when obtained from commercial suppliers the retinas of
these fish ordinarily contain variable amounts of both
rhodopsin and porphyropsin. Partial bleaching of de-
tergent extracts shows up to 15% rhodopsin, and the
proportion can be greatly increased by lengthening
photoperiod and elevating temperature [39–41]. The
finding that the fish used in the present study contained
only a few per cent retinal supports the premise that the
spectral sensitivity curves reflect dehydroretinal-based
visual pigments.
In order to explore how spectral sensitivity should be
changed by the presence of small amounts of one
chromophore in the presence of the other, the templates
for retinal1- and retinal2-based pigments were used to
calculate the absorption spectra of mixtures (Fig. 11).
Contamination should be most readily detected when
there is the largest difference between the lmax of the
members of a pigment pair, and for this calculation we
therefore assumed lmax560 nm for the retinal1 pig-
ment and 622 nm for the retinal2 pigment. The presence
of 10% of P5601 in the presence of a preponderance of
P6222 has the largest effect at short wavelengths, and
the long wavelength tail of absorption is so little af-
fected that it would not be detectable in usual measure-
ments of spectral sensitivity. The converse is not true,
however. A small proportion of a retinal2 pigment in
the presence of retinal1 pigment should be more readily
detected by its effect at long wavelengths (Fig. 11(A)).
The lmax of the mixture shifts non-linearly with the
proportion of P6222 (Fig. 11(B)).
These effects are evident in published data. Some
spectra of red-sensitive cones, like that in Fig. 4(A),
descend to a minimum around 470 mm that is about
20% the value at the lmax [42,43]. Others show the
effects of mixtures of A1 and A2 chromophore, in which
the lmax is shifted to shorter wavelengths from 622 nm
and absorption is elevated around 460–480 nm [8,40].
4.4. Template spectra for dehydroretinal-based 6isual
pigments
As discussed in Section 1, since Mansfield [16] and
MacNichol [17] first suggested that the spectra of visual
pigments have a constant shape when plotted as a
function of normalized frequency, several mathematical
templates have been constructed that are valid over a
wide range of lmax. Although with limited (or no)
theoretical basis, such templates are nevertheless very
useful in characterizing noisy MSP data or spectral
sensitivity measurements made from single cells at
widely separated wavelengths. As we have used it here,
the formulation of Stavenga et al. [18] is particularly
useful in finding the lmax of spectra that may or may
not fit a known template and in analyzing the region of
the b-band. That of Lamb [19] derives its usefulness as
a single function that extends through the crest of the
a-band to long wavelengths where spectral sensitivity
has fallen several log units from the wavelength of
maximal sensitivity. Each of these formulations has its
advantages, and both are an improvement over polyno-
mial functions that require more coefficients and many
more significant figures in order to achieve equivalent
accuracy. Most importantly, a single template describes
vertebrate rods [19], primate cones [44], and three reti-
nal1-based fish cones with lmax in the visible region of
the spectrum [10]. Narrower normalized-frequency tem-
plates are required for the UV cones of Danio aequipin-
natus [10] and retinal1-based amphibian rods [20].
Only Stavenga et al. [18] have tried to fit porphy-
ropsin spectra to a template based on normalized fre-
quency, but the template of Mooij and van den Berg
[45] is notable for its effort to describe the long wave-
length tail of absorption of retinal2 visual pigments.
Fig. 12 compares the template in Fig. 4 with these two
earlier reports. When plotted as absorbance, the three
templates are similar, and each can of course be no
more accurate than the data from which it was con-
structed. That of Stavenga et al. [18] is based on a
spectrum of porphyropsin from fish rods [24]; that of
Mooij and van den Berg [45] on MSP measurements of
goldfish cones [46]. The differences among the three are
small, and confidence in the spectral shape can be
expected to increase as the available data base enlarges.
Mooij and van den Berg [45] extended their template
to long wavelengths by fitting goldfish ERG data to a
modified form of a function first proposed by Lewis
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[47] to account for the combined action of light and
heat in the bleaching of rhodopsin. Their curves for
three spectral classes of cone are compared with our
retinal2 template and the retinal1 template of Lamb [19]
(Fig. 13). Note that on a normalized frequency axis, the
long-wavelength limbs of the Lamb-type retinal1 and
retinal2 templates have very similar slopes (Table 4).
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